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Two well-defined motifs in the cAMP-dependent
protein kinase inhibitofPKla) correlate with
inhibitory and nuclear export function
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Abstract

The heat stable inhibitor of cCAMP-dependent protein kind€la) contains both a nuclear export sigindlES) and

a high affinity inhibitory region that is essential for inhibition of the catalytic subunit of the kinase. These functions are
sequentially independent. Two-dimensional NMR spectroscopy was performed on uniféfilyabeled PKé to
examine its structure free in solution. Seventy out of 75 residues were identified, and examination@fltbleeinical

shifts revealed two regions of upfield chemical shifts characteristie-loélices. When Pkt was fragmented into two
functionally distinct peptides for study at higher concentrations, no significant alterations in chemical shifts or secondary
structure were observed. The first ordered region, identified imRK+25, contains arv-helix from residues 1-13.

This helix extends by one turn the helix observed in the crystal structure ofa (BK24 peptide bound to the catalytic
subunit. The second region of well-defined secondary structure, residues 35—-47, overlaps with the nuclear export signal
in the PKlkr (2675 fragment. This secondary structure consists of a helix with a hydrophobic face comprised of Leu37,
Leudl, and Leu44, followed by a flexible turn containing lle46. These four residues are critical for nuclear export
function. The remainder of the protein in solution appears relatively unstructured, and this lack of structure surrounding
a few essential and well-defined signaling elements may be characteristic of a growing family of small regulatory
proteins that interact with protein kinases.

Keywords: 2D-NMR; cAPK; conformational disorder; kinase inhibitor; nuclear export signalaPKI

Signaling through cAMP-dependent protein kinds@PK) is a  achieved through the regulatofyR) subunit. Two catalytioC)
common pathway for many cellular processes. Regulation of cCAPKsubunits bind to a dimer of R subunits to yield an inactive holo-
is achieved by both inhibition and subcellular localization. Theenzyme. Cooperative binding of two molecules of cCAMP to each
best understood control mechanism for cAPK kinase activity isR subunit causes dissociation of the holoenzyme complex and
release of two active C subunitFaylor et al., 1990 In addition
to being inhibitors of C, the R subunits also contribute directly to
Reprint requests to: Susan S. Taylor, Department of Chemistry and Biosubcellular localization of cAPK by interacting with Kinase
chemistry, University of California, San Diego, 9500 Gilman Drive, La Anchoring Poteins (AKAPs). These proteins anchor the cAPK

Jolla, California 92093-0654; e-mail: staylor@ucsd.edu. _ holoenzyme complex to a wide variety of cellular locations
Abbreviations:1D, one-dimensional; 2D, two-dimensional; RKk iso- (Dell’Acqua & Scott, 1997.

form of the heat-stable inhibitor of cCAMP-dependent protein kinase; NES, . L .
nuclear export signal; D, 2H,0; CD, circular dichroism; FTIR, Fourier Another mode by which cAPK is simultaneously localized and

transform infrared spectroscopy; NMR, nuclear magnetic resonance; HSQ@nhibited is by PKI, the heat stable protein kinase inhibitor iden-
heteronuc_lear single quantum coherence spectroscopy; HMQC, _heteronufied by Walsh et al(1971). While PKlx has only 75 residues, it
clear multiple quantum coherence spectroscopy; COSY, correlation spegas two sequentially distinct functional elements. The first third of

troscopy; NOESY, nuclear Overhauser effect spectroscopy; DQF-COSY, .
double gquantum filtered correlation spectroscopy; NOE, nuclear Over—PKla contains the cAPK pseudo-substrate sequence preceded by a

hauser effect; CSI, chemical shift index; TPPI, time proportional phasdligh affinity binding region. This segment contains nearly all of
incrementation; RMSD, root-mean-square deviation. the residues critical for the subnanomolar inhibitory constant of
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PKla for the kinase(Walsh et al., 1971, 1990; Ashby & Walsh, e
1973; Scott et al., 1985A portion of this domain of PKd (res- 2
idues 5-24 was cocrystallized with the C suburiiZheng et al.,
1991), and the high affinity binding region was found todeénelical
(Knighton et al., 1991a A synthetic peptide corresponding to
residues 5 to 22 of PKd was also shown in solution to contain an
a-helix at its N-terminus by 1D NMRReed et al., 1989 In
addition to inhibiting the kinase, Pklalso traffics the catalytic
subunit from the nucleus to the cytoplasm through its Nuclear
Export Signal(NES). The NES(residues 37—46consists of a
regular repeat of large hydrophobic amino acids, and acts to rap-
idly and actively export from the nucleus to the cytoplasm any
protein to which it is bound, including the catalytic subunit in a
C:PKla complex(Fantozzi et al., 1994; Wen et al., 1995

Based on CD and FTIR studies, RKHoes not appear to be
highly structured in solutioiThomas et al., 1991 CD measure-
ments indicated that Pkl has 21%a-helix, 15% antiparallel
B-sheet, 34% turn, and 30% random coil. This suggested the pres-
ence of another helix in Pl&, in addition to the N-terminal helix
described previously.

Determining the structural features of RKis critical for un- 8.8 8.6 8.4 8.2
derstanding its bifunctionality. How does the structure of such a IH (ppm)
small protein allow for both high affinity binding to the C subunit 1 Cont ot of the het | ol . N
and export of the enzyme comple fom the nuceus? A stuctuef g, . COTA FLCT 16 heeonuelear g e sonerence spec
study _of the inhibitor free in sol_utl_on was undertaken by_ 2D NMR |3peled by residue number and one letter code.
to define structural features within the full length protein. Due to
severe overlapping of proton resonances, unifortly enriched
PKla was used to resolve most of the proton resonances as well as
the proton—proton nuclear Overhauser effefdOE) connectivi-
ties. Two regions ofx-helix were identified by Chemical Shi
Index analysis, but overall there was a lack of medium- and long
range NOEs. This indicated that RKhas a rather flexible struc-
ture in solution, and the presence of different shape “conformers
of PKI was apparent from early studies as w@Nhitehouse &
Walsh, 1982 At this point we adopted a strategy to analyze, by
homonuclear 2D NMR, two functionally separate fragments, al-
lowing the secondary structure of each functional domain to b
more precisely determined. We identified twehelices, which
overlap with the two functional elements of RKIThe remainder  To identify any regions of secondary structure within full length
of the molecule appears to be highly disordered. PKlea, the GxH chemical shift values in ppm of the 70 assigned
residues were compared with the random coil chemical shift values
for residues in a GGXGG peptid®erutka et al., 1995 revealing
two regions of upfield shifted &H chemical shiftgFig. 3). Chem-
ical shift index analysis of thesea®l chemical shift values iden-
tified these upfield shifted regions as helical. The fitshelical
Figure 1 shows the HSQC spectrum of uniformiSN labeled  region extends from residue 7 to 13, and corresponds to the high
[Gly0]PKla. As reported in Figure 2 and Table 1 of the Electronic affinity binding helix seen in the crystal structure. Residues 2 and
Supplementary Material, 70 of 75 spin systems expected wer8 also have indices of 1, suggesting an earlier start to the helix.
sequentially assigned through a combination of HMQC-TOCSYThe second helix identified is from residue 34 to 43 of RKand
and HMQC-NOESY spectra. Side-chaiwld; resonances of Leu overlaps with the Nuclear Export Signal of RKIThe overall
residues were assigned using NOE connectivities in the HMQCdistribution of —1 indices in this region is less than the previous
NOESY spectra. One spin system has been tentatively assignéeklix, but two of the residues with “0“ index valug35 and 42
to Asp24 according to standard chemical shift values for aspartidiffer from the tabulated @H chemical shifts by—0.09 ppm,
acid (Wiithrich, 1986, and the most high-field shifteé®N-NH indicating a consistent trend in upfield chemical shifts and these
cross peak has been assigned to Argl5 by comparison with thesidues are indicated in Figure 3 by asterisks. These residues were
[Gly0]PKla(1-29 peptide spectrésee below. included in defining the helix. Residue 44 has an index value of

No medium- or long-range NOEs were observed in the HMQC-+1, terminating the helix. One other region 6fL chemical shift
NOESY spectra. This may be because the protein appears to ledices is seen: a stretch of threel values from 54 to 56. Three
flexible in solution, with a relatively low content of secondary —1 values are not enough to define athelix, but suggest some
structure elements. This would reduce the NOE intensities througkecondary structure in this region. The remainder ofdPisInot
an equilibrium between relatively structured and less structuredtructured.
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f States of the protein. Alternatively, analysis of PKI by dynamic
light scattering at the concentration used for the NMR experiments
showed that the inhibitor aggregates in solutidata not shown

JThe presence of such polymeric species could affect the NOE
intensities through dynamic processes involving a variety of envi-
ronments to given proton nuclei.

ﬁdentification of secondary structure elements in RKI

Results

Sequential assignments dPN]PKla
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. GE EE A QR 2 STEQSGEAQGEAAKSES Fig. 3. Chemical Shift Index analysis ofd® protons of *>N] Glyo PKla
j"‘wh‘"‘”ge EER R EN = mu ) and deviation in the chemical shift of these same protons from random coil
d"a‘N 396333 64 68 68 _ 687075 values. For the Chemical Shift Index analysis, eaetH@hemical shift
d R was compared with tabulated values in Wishart e¢i92. Deviations of
B:\ - T—— T +0.1 ppm were assigned values fl. The GxH chemical shifts of two

dnn T ——— = - residues deviate by 0.09, and these are indicated with asterisks. Random
daN(,i+2) — coil values were obtained from Merutka et §.995. The locations of
doN(ii+3) P functional motifs and secondary structure are indicated above.
dopli,i+3)

Fig. 2. Schematic overview of the sequential and medium range NOEs as
inferred from the HMQC-NOESY spectrum 67N labeled PKi(dashed  nectivity between Ser13 and Gly1l4. Due to the low solubility of
lines) and from the NOESY spectra of the two PKI fragme(stslid lines. the N-terminal fragment near neutral pH, all studies were per-

For the fragments, slow exchanging amide protons, which gave cross pea R :
in the COSY in BO, are indicated by black squares, and for the N-terminal kfarmed at pH values close to 4. In the C-terminal fragment, all but

fragment(see Materials and methddgray squares indicate cross peaks, V€ sequentiatlaN connectivities from Gly32 to Glu65 were as-
which were absent in a second COSY spectrum y® Dvalues ofJaN signed. This fragment has a high content of serine and glutamic
coupling constants in bold were measured using the procedure of Ludvigacid residues, and several of their Nk4@ cross peaks in the
sen et al(1991). Other values are the line separation in the DQF-COSY fingerprint region are superimposed. Three Ser residues, Ser28
spectra. The two helices are identified by the boxed residues with the heli)g 29 d Ser3l ine in total Id not be id t'f',d Th '
cap indicated by dashed lines. *, Residues critical for high affinity binding 2€"49, @nd S€rsl, among nine in total, could not be identtied. The
to CAPK; @, residues essential for Nuclear Export S|gr[a]’ residues residues Leu26 and Ala30 were aSS|gned at the latest Stage to the
together essential for Nuclear Export Sigrial), residue that does not play remaining spin systems. Despite strong overlap, seveddlcou-

a role in Nuclear Export. pling constants were measured.

Comparison of chemical shifts

Sequential assignments of PKI fragments We compared the chemical shifts of full length RK&nd the

Based on the chemical shift index identification of the two helicesPKla(26—75 fragment to look for any conformational changes
but the lack of corresponding medium- and long-range NOEs tdhat may have occurred upon fragmentation. Five chemical shift
substantiate these helices in full length PKI, we decided to invesdifferences could not be calculated due to the absence of proton
tigate the secondary structure of two functionally distinct PKI resonance assignments in either full length or fragmentedPKI
fragments, with the expectation that polydispersity in solution couldAs can be seen in Figure 4, chemical shift differences of both
be reduced, if not totally avoidefGy, 1,sM |PKla was designedto  NH and GyxH are less than 0.05 ppm for most residues in
allow two functional domains to be produced after cyanogen broPKla(26—79. This indicates that no dramatic change occurs in the
mide cleavage. The resulting N-terminal fragment retains inhibi-magnetic environment of the NH andx8 protons, and therefore
tory capacity, while the C-terminal fragment possesses full nucleain the secondary and tertiary structure, upon fragmentation. No
export ability (data not shown large changes are evident in the N-terminal fragment either, but

Proton resonances of the two fragments|@fyO]PKla were  this is less meaningful since the experiments were performed at
assigned by the standard 2D-NMR strate@ig. 2, Table 1 quite different pH values. Any differences observed are likely to
(Withrich, 1986. For the N-terminal fragment, all sequential as- correspond to local conformational changes, since none of them
signments were made, with the exception of the sequential connvolves several adjacent residues in the sequence.
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Fig. 4. The difference in NH and &H chemical shifts between full length
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PKla and the fragments.

Secondary structure of PKI fragments

a-Helices are characterized by sets(pf + 3) NOE connectivi-
ties, slow NH exchange rates, addN coupling constants less
than or equal to 6 Hz. By such criteria, two helices were identified
in the fragments of Pki, corresponding to the regions @fhelix
identified by the Chemical Shift Index. Helix | extends from Asp2
to Ser13 of{Gly0]PKla(1-25 and Helix Il from Asn35 to Leu44

of PKla(26—-75. Molecular models of each of the twe-helical
regions were constructed from the distance constraints imposed b
the NOEs. Superimposition of the family of structures generated
for the backbone stretch of Thrl-Serl3 gave an average rms
value of 1.11 A(Fig. 5 and ensemble-averaged refinement was

Chemical Shift Difference

applied to the average structure.

The N-terminus of PKd (Thr-Asp-Val-Gly appears to act as an
N-capping motif. In such a motif, the first and fourth residues of a
helix make two additional intrahelical hydrogen bonds, but depart
from the helical values fo® and¥ angles(Presta & Rose, 1988;
Richardson & Richardson, 1988Slow NH exchange rates were
observed for Val3 and Glu4, and we found a NOE between
CyH3Thrl and NH Val3, in agreement with the geometrical re-
quirements of an N-capping sequer{@hou et al., 1994 Some
variability does occur in the N-terminal stretch as shown by
ensemble-averaged refinement andBHeactors for these first four
residues are higher than for the rest of the hékxg. 6). We
conclude overall that the first helix starts with the N-capping se-
quence from Thrl to Glu4, a highly conserved sequence in all PKI
isoforms identified. A smallaN value and a slow NH exchange
rate for Serl3, in contrast to a fast NH exchange for Gly14, indi-
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cates that Ser13 is the last residue in Helix I.

A second helixHelix II') was found within the C-terminal frag-
ment, from Asn35 to Leu44, defined by a setdafN(i,i + 3) and
dapB(i,i + 3) NOE connectivities Fig. 2). This helix, following
ensemble-averaged refinement applied to the average structure,

Fig. 5. A: Space filling model of PKd(1-13. The hydrophobic residues
critical for high affinity binding are labeled and shown in ré&l. Super-
imposition of 23 structures for PK(1-25 from the NMR data in purple
and PKk(5—-24) from the crystal structure in redAPM) (Knighton et al.,
1991h. The location of the three Arg residues is highlighted in each struc-
ture and the position of the residues is indicated in thea®8424) struc-
ture. C: A 90° rotation of the view inB with the three Arg residues

highlighted in each peptide.

PKI(1-13)

Ilell

Phel0

Tyr7

J.A. Hauer et al.
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C-terminal residues of the helix, Asn35 and Leu44. This is not
] surprising since the ends of a helix are expected to “fray” due to

30
0 f weak individual H-bonds. Ensemble-averaged refinement indi-

cates relatively lovB-factors(between 5-10 A) for the stretch of
/ residues between 35 and 40, whereas hid@héactors are found
J for the C-terminal half of this heliXFig. 6). Several NOE con-
5 nectivities of typd(i,i + 2) are found at the C-terminus of Helix I,
L S B S S Y S N A N VRN VSRRV ERL between Gly43 and Asp45, Leu44 and lle46, and Asp45 and Asn47.
Residue This is consistent with Helix Il having a well-defined N-terminal
half whereas the C-terminal half is much more flexible. The last
observed NOE connectivity of tygé,i + 3) indicates the break in
\ / Helix Il occurs at Leu44. Interestingly, Asp45, lle46, Asn47, and
» \ [ Lys48 have slow NH exchange rates, which indicates protection
20 Y / from solvent accessibility. Residues 44 to 47, while not participat-
15 /\9/'\ / ing in Helix II, certainly do not adopt a random conformation, but
10J_lw N rather can be better described as a flexible turn structure.

Both helices have amphipathic character with one face of the

30

0 . helix formed by hydrophobic residues: Val3, Tyr7, Phel0, and
3035 3637 38 3 40 4l 42 43 444546 111 for Helix | (Fig. 5A), and Leu37, Ala38, Leu4l, Ala42, and
Residue Leu44 for Helix 1l (Fig. 7). Helix | starts with an N-cap motif,

Fig. 6. Backbone residud-factors of (A) Helix | in [Gly0]PKla(1-25 which is less constrained than the core of the helix. In Helix 11, the
and(B) Helix Il in PKla(26-75 from the NMR structures obtained with  essential leucine residues cluster along the hydrophobic face of the
ensemble-averaged distance restraints. The effeBtfeetors were calcu-  pglix, including Leu37, Leu41, and Leu44. Leu39, which does not

lated from the RMSD{u) from the average position usig)= 8/3(72u?).

play a role in the NES, lies on the opposite face. Two polar resi-
dues, Glu36 and Lys40, are found on the polar face of Helix Il
where they may form an ionic interaction.

displayed in Figure 7. The average RMSD value for the super-

imposition of this backbone stretch was 1.30 A. In contrast to
Helix 1, this helix displays severaleN constants that are slightly

Discussion

greater than 6 Hz, ranging from 6.3 to 6.6 Hz. Two lateN Free PKk in solution has twoa-helical regions surrounded by
coupling constant values, 7.4 and 6.3 Hz, were found at the N- andtretches of unstructured residues, and each helix overlaps with

':- . Leudd

-
@) Lo
P
Leu39 ((RBRR

Leu344

Leuld7 i ' Phe341

PKI(35-47)

Fig. 7. Space filling model of PKd(35-47 and p53339-351 (1PES (Lee et al., 1994 The essential hydrophobic residues for each
nuclear export signal are labeled and shown in red. Leu39, the only hydrophobic residue in the helix not to play a role in nuclear export,
is shown in yellow.
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a distinct biological function. We show here that Helix | starts of p53 proposed to contain the Nuclear Export Sigfmakidues
with the N-terminal capping box motif, Thr-Asp-Val-Glu, at the 341-350 is also helical and shows a similar distribution of large
N-terminus of the protein, extends to Serl3, and is the helix rehydrophobic residues in an amphipathidelix (Fig. 7; Lee et al.,
sponsible for high-affinity binding to the C subunit. Residues crit- 1994). The formation of a highly hydrophobic surface of leucines
ical for this interaction have been previously determined byis likely representative of such motifs since they are postulated to
mutational studie$Walsh et al., 1990 and the crystal structure of use common cellular machinery, the most likely binding partner
the C subunit-PKd (5—24 complex showed that hydrophobic res- being recently identified as CRM(@Fornerod et al., 1997; Stade
idues on one face of this helix interact with a hydrophobic pocketet al., 1997.

on the surface of the C-subuniKnighton et al., 1991b The Another region of flexible structure occurs for residues Asp54 to
N-terminus of PKé&, which extends the helix by one full turn, is a Arg57. In this case, however, a smaltN coupling constant is
highly conserved region among PKI isoforms, including murine observed for Ala55, and théaN(54,56 has a higher intensity
PKIB2 in which this region is preceded by a 21 amino acid se-than that observed in the Leu44—Asn47 segment. Interestingly,
guence. This N-terminal capping box acts to anchor the formatiorslow NH exchange rates are observed for residues encompassing
of this high affinity binding helix of PKI. This extension may this region, indicating that it is not fully exposed to solvent. This
create an additional interaction between Asp2 of #Pihd Arg256  further defines this region as another flexible turn structure with, as
of the C subunit since previous work with inhibitory peptides yet, no known function.

showed a tighter C-subunit affinity for the Pi(1-24) peptide In closing, it can be concluded that RKtontains two relatively
than a PK&(5-24 peptide(Scott et al., 198b stable helices, which are essential for the two functional properties

In the crystal structure, Glyl4 of PKI is part of a turn from of PKla: high affinity binding to the C subunit and nuclear export.
Gly14 to Gly17 followed by an extended structure of the pseudo-According to the NMR data, 22 residues are found in these two
substrate site in a groove between the small and large lobes of theelical domains within residues 2—13 and 35-44. The presence of
kinase(Knighton et al., 1991p In the protein free in solution, no 22 helical residues, as inferred from our NMR data, is slightly
such turn was observed and no structural information was obtainegreater than the-helical content of 21% previously reported by
for the five-residue consensus recognition sequence, encompassifp (Thomas et al., 1991TheB-sheet structure determined by CD
Argl8 to lle22. This region is much more flexible than the binding was not found by NMR in the fragments of RKIThis may be due
helix. A parallel NMR study of PKI peptides from the N-terminal to aggregation of full length PKI in solution, whefesheet struc-
region up to Asp24 showed that bent structures are present itures may form in the aggregates. The remainder ofoPKlthus
solution, with the consensus recognition sequence running antiparemarkable for its lack of well-defined or stable secondary struc-
allel to Helix I. However, such structures are highly dependent orture. p21 and pl16, two regulatory proteins that bind to CDK2,
the solution conditions, especially the pgiRadilla et al., 199¥% display similar properties and are largely unstructured when they
The binding of PK& to the C-subunit is bipartite with the basic are free in solutioriKriwacki et al., 1996; Russo et al., 1998 his
consensus site docking with low affinity to the active site cleft andproperty may be characteristic of many of the small proteins that
the N-terminal helix required for high-affinity binding. The exis- bind to protein kinases and regulate their function.
tence of the helix free in solution followed by a flexible consensus
sequence can permit high-affinity docking of PKI to the hydro-
phobic pocket of the C-subunit subsequent to the long-range eledvaterials and methods
trostatic attraction of the positively charged consensus sequence to
the negatively charged active site region of the kinase.

Helix Il, from residue 35 to 44, is well defined by medium range
NOE connectivities but has fraying N- and C-termini with a The [GlyO]PKla cDNA corresponding to rabbit skeletal muscle
C-terminal half less resolved than the N-terminal half. Many of thewith a glycine residue between the start methionine and the first
hydrophobic residues in the 37—46 sequence are critical for theesidue was the gift of Dr. R.A. Mauré¥olum Institute, Portland,
nuclear export function of PKI. As shown in Figure 7, three leu- Oregon. This was transformed intBscherichia colBL21 (DE3)
cines (Leu37, Leu4l, and Leu4form a hydrophobic face to and grown in minimal media with eith¢*>NH,),SO, or *>NH,CI
Helix Il. Mutation of Leu4l and Leu44 to alanine in NES con- as the sole nitrogen source. The protein was purified as described
taining peptides do not affect the structural properties of the peppreviously (Thomas et al., 1991 The numbering of residues
tide (J.A. Hauer, unpubl. datawhile abolishing nuclear export throughout this work refers to the rabbit skeletal muscle protein
(Wen et al., 1995 The structure of the C-terminus of Helix Il kinase inhibitor(PKla).
could not be determined unambiguously since NMR data for the The[l,gM]PKla vector, in a derivative of pET3C with tetracy-
Leud44—-Asn47 segment does not correspond to a standard tuiline resistance, was graciously provided by Dr. R.A. Maurer. The
pattern(Wuthrich, 1986. In the canonical turns of type I, Il, and protein was expressed and purified as above. The purified protein
1, at least one smallaN coupling constants is expected to occur. was digested with cyanogen bromide in 70% formic acid and the
While the amide hydrogens in this region exhibit slow exchange inresulting peptides were separated by HPLC chromatography and
D,0, no small coupling constantsmallest at 6.3 Hz for Leu44 identified with a gas phase amino acid sequencer with an on-line
were observed. PHT analyzer(Applied Biosystems, Inc. models 470A and 120

A growing number of other nuclear export signals have eitherydac C18 analytical or semi-prep columns were used. Solvent A
been proposed or identified in other proteins based on the repetivas 0.1% TFA in MQ water, and B was 0.85% TFA in ACMQ
tion of leucine residues. These include Rev, MAPKK, and p53water(95:5). The >N enriched PKI sample was prepared by mix-
(Fischer et al., 1995; Fukuda et al., 1996; Middeler et al., 1997 ing 8 mg protein in 45Q.L (2.2 mM) of solvent(D,O or a mixture
We show, in this work, that leucine residues in the NES motif of of 95% H,O/5% D,O), and the pH adjusted to 6.6. Samples of
PKlea cluster within a hydrophobic surface on Helix II. The region [Glyo]PKla(1-25 were prepared by dissolving 6.2 mg of peptide

Preparation of NMR samples
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in 450 uL (5 mM) of solvent(D,O or a mixture of 95% HO/5% Chemical Shift Index analysis

D-0), and the pH adjusted to between 3.8 and 4.1. Thexfd— The GaH chemical shifts of°N[Gly0]PKl« were analyzed by the

75) sample was prepared by dissolving 5.9 mg of peptide in . . . .
) Chemical Shift IndeXWishart et al., 199R Briefly, the measured
0, 0,
450 uL (2.5 mM) of solvent(D,O or a mixture of 95% HO/5% CaH chemical shift values in ppm were subtracted from the tab-

Erzgoo>r’1 and adjusted to a pH of 7.1. All samples were sealed undelrJIated values for each residue. If the difference was greater than

0.1 ppm, a value of-1 was assigned to the residue. If the differ-
ence was more negative thar0.1 ppm, a value of-1 was as-
signed. A value of 0 was assigned to all other residues. A local
density of three or more-1 indices over 70% of the residues in a
Preliminary homonuclear NMR studies of RKat 32°C by DQF-  stretch is indicative of @-strand, and a local density of 4 or more
COSY and jump-return NOESY techniques indicated low NOE —1 indices over 70% of the residues in a stretch is indicative of an
intensities and strong signal overlégata not shown Chemical  a-helix. Termination of secondary structures can be identified by a
shift dispersion and linewidths were unaffected by increased ionichemical shift index of the opposite sign or by two consecutive
strength, up to 100 mM NaCl or 50 mM MgQQor decreased zeros.

protein concentration to 0.5 mM. However, decreasing the tem-

perature had two effectél) the NOE intensities increased, a(&l Experimental constraints

NH exchange was slow enough to allow the use of water presat-

uration. Even though NH intensities were not affected by temperNOE constraints were derived from the NOESY spectra at 200 ms
ature changes between 2 and°C2 the NOESs involving NH or  Mixing time and applied as 3.0, 4.0, and 4.7 A upper limits for

side-chain protons were stronger at the lower temperature. strong, medium, and weak NOEs, respectively. Pseudo-atom cor-
rections were adde@WUthrich et al., 1988 Distance constraints

for hydrogen bonds were not introduced. Valuesl@N coupling
NMR techniques constants listed in Figure 2 were directly used in the final refine-
ment stage.

Choice of experimental conditions

Spectra oft>N labeledfGly0]PKla and unlabele@Gly0]PKla (1-
25) and PKk(26—75 were recorded at 600 MHz on an AMX 600 )
Bruker spectrometer. Heteronuclear experiments were carried o§t®mpPuter modeling methods

at 2 and 12C. The **N-'H HSQC, *®N-'H HMQC-TOCSY, and  Modeling of [Gly0]PKla(1-25 and the peptide stretch Ser34—
*N-'H HMQC-NOESY spectra were run with the published se- | ys48 of PKi(26—75 was performed by distance geometry and
quencesBodenhausen & Ruben, 1980; Bax et al., 1990; Norwoodsimulated annealing using the X-PLOR program Version 3.8
et al., 1990, respectively. The HSQC was recorded with spectral(Briinger, 1992 on an HP 735 work station and is based on the
widths of 1,824 and 6,613 Hz while the HMQC-TOCSY and original work of Clore and Gronenborn and othéMlges et al.,
HMQC-NOESY spectra and were recorded with Spectral widths 0f]_988a, 1988p Distance geometry was apphed to a subset of at-
1,946 and 6,024 Hz in th&N and *H dimensions, respectively. oms(Ca, Her, N, NH, C, G3, and G/) to generate 30 substructures.
For each 2D experiment, 2,048 points by 512 FIR&8 for the  Simulated annealing was done by 3 ps molecular dynamics at
HSQOC) were recorded. Water suppression was achieved with 19 000 K (where the force constants were increased in small steps
presaturation. Eighty scans were collected for the HMQC-NOESYan annealing step consisting of 5 ps dynamics during which the
with 150 and 200 ms mixing times, and 32 scans were collectegemperature was decreased from 2,000 to 100 K in 50 K steps, and
with a mixing time of 48 ms for the HMQC-TOCSY experiments. 200 cycles of Powell minimization with constraints. The refine-
TPPI was used in t1 for all experimentMarion & Wuthrich,  ment protocol consisted of 10 ps dynamics during which the tem-
1983. perature was decreased from 1,000 to 100 K in 50 K steps and 200
Homonuclear experiments on the PKI fragments were carriettycles of Powell minimization with constraints. The structures
out at C. The NOESY, TOCSY, and DQF-COSY spectra were were further refined by applying 200 cycles of Powell minimiza-
recorded with a spectral width of 6,024 Hz, with 1s water presattion and 20 ps dynamics at 300 K, where an electrostatic energy
uration. For each 2D experiment, 4,096 data points by 512 FIDserm was introduced. Finally, direct J-coupling refinement was
were recorded. Eighty scans were run for both the NOEBN¥h  done by applying 5,000 cycles of Powell minimization introducing
a 200 ms mixing timpand the TOCSYwith 40 ms mixing tim¢  a JaN-coupling error term(Kuszewski et al., 1995 Structures
experiments, and 128 scans for the DQF-COSY. were selected using the following criterid) no violation of dis-
Slow exchanging amide protons were determined for each fragtance constraints greater than 0.5 A, g8pgood geometryca.
ment by recording two 30 min COSY experiments &C4ust after ~ RMSD from ideality for bonds or angles less than 0.01 A &r 2
dissolving the peptides in J®. The data collected were 2,048 respectively. An average structure was obtained by fitting back-
points by 512 FIDs. bone atoms from residue 1 to 13 f@@ly0]PKla(1-25 and from
After Fourier transform, data sets of 2,048 by 512 real pointsresidue 35 to 44 for PKi(26—75. The average RMSD value for
were further processed by polynomial baseline correction in bothhe superimposition of these backbone stretches was 1.11 and
dimensions. Coupling constants betweerHCand NH were mea- 1,30 A, respectively. Both average structures were further mini-

sured from the DQF-COSY experiments after reprocessing theénized by applying 1,000 cycles of Powell minimization.
data with 0.3 Hz per point resolution in the F2 dimension. The

1H-NMR chemical shifts at 2C were referenced by taking water
resonance at 5.14 ppm referenced against tspd415AINMR

chemical shifts were referenced according to external 1.85 MThe protocol used is similar to the one described by Bonvin
15NH,Cl in 1 M HCI at 24.93 ppm. and Bringer(1999, starting from the averaged structures of

Ensemble-averaged refinement
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[Gly0]PKIa(1-25 and PKk(26-79. Briefly, cross validation Bodenhausen G, Ruben DJ. 1980. Natural abundance nitrogen-15 NMR by
Briinger et al.. 1998was performed on the NOE data alone enhanced heteronuclear spectroscd@iiyem Phys Lett 6285-189.

( g o & P lidated h Bonvin AMJ, Bruinger AT. 1995. Conformational variability of solution nuclear
(Bonvin & Briinger, 1995 Cross-validated RMSDs from the ex- " magnetic resonance structurdsMol Biol 25080-93.

perimental distance restraints and the number of violatiod® A Briinger AT. 1992X-PLOR: A system for X-ray crystallography and NNN@w

as a function of the number of conformers were used for assessing Haven, Connecticut: Yale University.

. . . . _ Briinger AT, Clore MG, Gronenborn AM, Saffrich R, Nilges, M. 1993. Assess-
the validity of multiconformer refinement and thus to avoid over ing the quality of solution nuclear magnetic resonance structures by com-

fitting. In both [Gly0]PKla(1-25 and PKk(26-73, single con- plete cross-validatiorScience 26828-331.
former refinement gave the most accurate representation of thBeLano WL, Briinger AT. 1994. Helix packing in proteins: Prediction and
structure. energetic analysis of dimeric, trimeric and tetrameric GCN4 coiled coil

Th bl f f btained b ti | structuresProteins Struct Funct Genet 205-123.
€ ensemble of conformers was obtained Dy generating Mulperacqua M, Scott JD. 1997. Protein kinase A anchoridggiol Chem 272

tiple identical copies of the initial structur@onvin & Briunger, 12881-12884.
1995. The NOE distance restraints were introduced with ensembleFantozzi DA, Harootunian AT, Wen W, Taylor SS, Feramisco JR, Tsien RY,

. . ) . . Meinkoth JL. 1994. Thermostable inhibitor of the cAMP-dependent protein
averaging using a square-well restraining potential,\4kee was kinase enhances the rate of export of the kinase catalytic subunit from the

set to 50 kcal mot* A=2. A JaN coupling potential Kuszewski nucleus.J Biol Chem 269676—2686.
et al., 1993 was included and no ensemble-averaging was appliedrischer U, Huber J, Boelens WC, Mattaj IW, Luhrmann R. 1995. The HIV-1

for these additional restraints. A simulated annealing protocol con- Rev activation domain_ i_s a nuclear export signal that accesses an export
isti f5 tant t t d . t 1.000 K foll pathway used by specific cellular RNAGell 82:475-483.
SIsting ot 5 ps constant temperature dynamics at 1, ollowegtnerod M, Ohno M, Yoshida M, Mattaj IW. 1997. CRM1 is an export receptor

by a slow-cooling annealing from 1,000 to 1 K was used for re-  for leucine-rich nuclear export signaiell 90:1051-1060.

finement. Finally, the structures were subjected to 200 steps ofukuda M, Gotoh I, Gotoh Y, Nishida E. 1996. Cytoplasmic localization of

conjugate gradient minimization. An average structure obtained in mltogen—actlvgted protein kinase kln_ase directed by its NH2—term|naI,_Ieucme—
. . L . . rich short amino acid sequence,which acts as a nuclear export sigsial.

this way may contain unrealistic, strained geometry and give a chem 27133):20024-20028.

poor representation of the ensemble. To avoid this, the methognighton DR, Zheng J, Ten Eyck LF, Ashford VA, Xuong N-H, Taylor SS,

proposed by DeLano and Briingdi994 based on a three-dimen- Sowadski JM. 1991a. Crystal structure of the catalytic subunit of cCAMP-

. L ) .. dependent protein kinas8cience 253107-414.
sional probability map refinement was usddeLano & Bringer, Knighton DR, Zheng J, Ten Eyck LF, Xuong N-H, Taylor SS, Sowadski JM.

1994). The probability map was computed by superimposing the  1991b. Structure of a peptide inhibitor bound to the catalytic subunit of

structures on the averagex@oordinates and defining a three- cyclic adenosine monophosphate-dependent protein kifiaience 253114~
; ; ' _420.
dimensional map enclosing these structures. Then, the same I’Eriwacki RW, Hengst L, Tennant L, Reed SI, Wright PE. 1996. Structural

finement pr0t0C0| as described by D.el—.ar)o ?nd Br[]r(g,994). studies of p21 WafiCip1/Sdil in the free and Cdk2-bound state: Confor-
was used in X-PLOR200 steps of minimization, slow-cooling mational disorder mediates binding diversiroc Natl Acad Sci USA 93
annealing from 3,000 to 300 K over 2.7 ps, followed by 120 steps ~ 11504-11509.

L . . . . Kuszewski J, Gronenborn AM, Clore GM. 1995. The impact of direct refine-
of energy minimization without NMR restraints but with proba- ment against proton chemical shifts on protein structure determination by

bility map restraintg with, in addition, a slow-cooling annealing NMR. J Magn Res Series B 1(8):293—297.

from 1,000 to 1 K in 1 ps including NMRdistance and J-coupling Lee W, Harvey T, Yin Y, Yau P, Litchfield D, Arrowsmith CH. 1994. Solution
structure of the tetrameric minimum transforming domain of pS&ture

restraints. Struct Biol 1877-890.
Ludvigsen S, Andersen KV, Poulsen FM. 1991. Accurate measurements of
coupling constants from two-dimensional NMR spectra of proteins and
Supplementary material in Electronic Appendix determination of phi-angles. Mol Biol 217731-736. _—
Marion D, Wuthrich K. 1983. Application of phase-sensitive two-dimensional
Table 1. Chemical shift assignments for Kand the two PKd correlated spectroscop§COSY) for measurements of 1H-1H spin-spin

peptides at 2C (file name NMR assignmentsNitrogen chemical ggip"ng constants in protein&iochem Biophys Res Commun 16—

shifts were referenced to extern&NH,Cl (1.85 M) in 1 M HCI Merutka G, Dyson HJ, Wright PE. 1995. “Random coil” 1H chemical shifts
at 24.93 ppm relative to liquid ammonia and proton chemical obtained as a function of temperature and trifluoroethanol concentration for

hifts were referen tot ignal at 5.14 A) Chem- the peptide series GGXGQ@.Biomol NMR 514-24.
.S | Sh'f? © e erenced fO Fgﬁifobslgdap?(hs pﬁné( 6) (é elH Middeler G, Aerf K, Jenovai S, Thulig A, Tschodrich-Rotter M, Kubitscheck U,
Ica S. ' as.S|gnm.ents Y abele at p 6.(B) Peters R. 1997. The tumor suppressor p53 is subject to both nuclear import
chemical shift assignments fp&ly,]PKI(1-25 at pH 4.1.(C) *H and export, and both are fast, energy-dependent and lectin-inhiBitex-
chemical shift assignments for Pi([26—79 at pH 7.1. gene 141407-1417.

Nilges M, Clore GM, Gronenborn AM. 1988a. Determination of three-dimensional
structures of proteins from interproton distance data by dynamical simulated
annealing from a random array of atonfEBS Lett 239129-136.

Nilges M, Clore GM, Gronenborn AM. 1988b. Determination of three-dimensional
structures of proteins form interproton distance data by hybrid distance
geometry-dynamical simulated annealing calculatiéi=BS Lett 238B17—
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